Introduction {#Sec1}
============

Since December 8, 2019, several cases of unexplained pneumonia have been identified in Wuhan, Hubei Province, China \[[@CR1]--[@CR3]\], and a novel coronavirus was found in the throat swab of one patient \[[@CR4]\]. This novel coronavirus, also known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was named 2019 novel coronavirus (2019-nCoV) by the World Health Organization (WHO) and is the cause of coronavirus disease 2019 (COVID-19). The genome sequence of SARS-CoV-2 is similar to but distinct from those of two other coronaviruses that have had outbreaks in the past: severe acute respiratory syndrome coronavirus (SARS-CoV; approximately 79% sequence identity) and Middle East respiratory syndrome coronavirus (MERS-CoV; approximately 50% sequence identity) \[[@CR5]\].

COVID-19 pneumonia is highly infectious and develops rapidly, and it has led to a serious pandemic. Although chest CT has been pointed out as an important test in the diagnosis of patients with COVID-19 \[[@CR6], [@CR7]\], information on the development of CT imaging features along the clinical time course of COVID-19 is still scarce. This retrospective single-center cohort study attempted to disprove the hypothesis that chest CT findings at follow-up do not reflect the clinical time course of COVID-19.

Materials and methods {#Sec2}
=====================

Patients {#Sec3}
--------

Our institutional review board waived the requirement to obtain written informed consent for this retrospective cohort study. Our hospital is one of the four major designated hospitals responsible for the treatment of COVID-19 pneumonia, as assigned by the government in the city. From 24 January 2020 to 18 February 2020, totally 73 patients diagnosed with SARS-CoV-2 infection by real-time reverse transcriptase polymerase chain reaction (RT-PCR) assays for SARS-CoV-2 nucleic acid with nasopharyngeal swab specimens were retrospectively enrolled in our hospital, and 44 patients were excluded. The inclusion criteria were as follows: (1) had an epidemiological history and diagnosed with SARS-CoV-2 infection, (2) at least three chest CT examined during illness. Exclusion criteria included (1) patients with lung tumors or any other causes of pneumonia, (2) chest CT with severe motion artifact, and (3) COVID-19 patients without pneumonia on all the chest CT during illness. Finally, 29 patients with a total of 113 baseline and follow-up CT scans were included in the study. A diagram illustrating the patient selection process is shown in Fig. [1](#Fig1){ref-type="fig"}. According to the Diagnosis and Treatment of Novel Coronavirus Pneumonia (trial version six) of China \[[@CR8]\], the discharge criteria were as follows: (i) afebrile for more than 3 days, (ii) significant reduction in respiratory symptoms, (iii) acute exudative lesions with substantial improvements on chest radiograph or CT, and (iv) two consecutively negative COVID-19 nucleic acid tests at least 24 h apart. All of these patients were discharged for home isolation for 14 days. The clinical classifications were as follows: ordinary patients all had fever or respiratory symptoms with CT demonstrating pneumonia. Severe patients met any of the following conditions: (i) shortness of breath, respiratory rate ≥ 30 breaths/min; (ii) finger oxygen saturation ≤ 93% at a resting state; or (iii) oxygenation index (arterial oxygen tension/inspiratory oxygen fraction) ≤ 300 mmHg (1 mmHg = 0.133 kPa). Critical patients met any of the following conditions: (i) respiratory failure that required mechanical ventilation, (ii) shock, or (iii) other organ failure requiring intensive care unit monitoring and treatment. Patients with less than 3 CT scans and without pneumonia during the disease course were excluded.Fig. 1Flowchart of the patient selection process

Multiple CT scans were performed to evaluate the deterioration of the patients' clinical conditions or discharge indications for patients with negative SARS-CoV-2 nucleic acid results by RT-PCR. Clinical symptoms and laboratory parameters were collected at baseline and at the follow-up time points. The clinical symptoms at baseline were collected no more than 9 days from the onset of the initial symptoms and collected at the same day as the CT scan at the other time points. The laboratory data were collected less than 2 days from the CT scan at each time point. The clinical and laboratory data specifically included symptoms, history of exposure, clinical classifications, white blood cell count, lymphocyte count, C-reactive protein, interleukin-6, and oxygenation index. In case of loss to follow-up, the laboratory data were processed as a defect.

CT protocol {#Sec4}
-----------

Chest CT examinations were performed without the use of a contrast agent in the following two scanners: CT scanner (Brilliance iCT (128); Philips Healthcare) or CT (SOMATOMgo. Top; Siemens Healthcare). All patients were scanned from the apex to the base of the lung in the supine position during breath-holding using a peak voltage of 120 kVp with an automatic tube current (50\~300 mAs). All scans were reconstructed using a high spatial frequency, iterative reconstruction (iDose 4, Philips), or a convolution kernel (BR60, Siemens) with a slice thickness of 1 mm as axial images.

Image interpretation {#Sec5}
--------------------

The images were analyzed independently in a consistent manner by two radiologists with 5 years of experience. In case of a disagreement, a final consensus was reached by a third radiologist with 10 years of experience in diagnosing cardiothoracic conditions. All CT images were analyzed and evaluated on a picture archiving and communication system (PACS), and the three radiologists had access to previous CT scans when evaluating each subsequent CT scan. The data collected from the analysis were as follows: (i) characteristics of the lesions (ground-glass opacity (GGO), mixed ground-glass opacity and consolidation, or consolidation), the number of pulmonary segments that were occupied by these lesions, and the number of involved pulmonary lobes. The following CT features were recorded: interlobular septal thickening, parenchymal bands, air bronchogram, pleural thickening, pleural effusion, and architectural distortion. All CT signs or characteristics were defined and described using the Fleischner Society glossary of terms \[[@CR9]\]. The distribution patterns of the lesions were recorded as subpleural, peribronchovascular, random, or diffuse \[[@CR10]\]. (ii) The changes in the number and/or size of the lesions detected by two consecutive CT scans were categorized as without lesions, increase in lesions, concurrent increase and decrease, or decrease in lesions. The CT density of the lesions in the same area on the baseline and follow-up CT scans, as well as the CT density of the erector spinae in the same image location as the lesion, was measured (the regions of interest ranged from 1 to 1.5 cm^2^ and attempted to include different densities of lesions). To ensure consistency, all measurements were performed two times by two radiologists at different image levels, and the average values were calculated. The lesion-to-muscle ratio (LMR) was calculated. In the case of the presence of more than one lung lesion per patient, one index lesion with the largest lesion range on the baseline CT scan was selected in consensus by the two radiologists. If there was no lesion on the baseline CT scan, the index lesion was selected from the follow-up CT scan. (iii) According to the evaluation criterion recommended by the expert group of radiologists of our city, the pneumonia inflammation index (PII) was calculated from each CT scan, and the PII calculation method was as follows: (1) the lesion distribution score had a maximum of 20 points. Per pulmonary anatomy, 1 point was scored for each of the 10 segments of the right lung and of segments 3 to 6, 9, and 10 of the left lung, while segments 1/2 and 8 of the left lung each scored 2 points when affected with pulmonary lesions. (2) The lesion size score had a maximum of 20 points and attributed 1 point to each pulmonary segment with lesions filling more than 50% of its volume. (3) The consolidation score had a maximum of 20 points and attributed 1 point to each pulmonary segment with large patch of consolidation. PII was a ratio that calculated as 100% times one-fortieth (1/40) of the sum of the lesion distribution score, the lesion size score, and the consolidation score. Any sum exceeding 40 was set to 40.

Statistical analysis {#Sec6}
--------------------

Statistical analyses were performed using SPSS Statistics Software (version 26; IBM). Quantitative variables are presented as the mean ± standard deviation (minimum-maximum) for normally distributed variables or interquartile ranges for non-normally distributed variables, and categorical data are reported as counts. The qualitative nominal variables were compared using the chi-square test or Fisher's exact test. Comparisons of the quantitative data among the four time points were performed using the Kruskal-Wallis *H* test. Two groups of normally distributed quantitative variables were compared by Fischer's least significant difference test. A *p* \< 0.05 was defined as significant. Prism (5, GraphPad) was employed to create the bar graph. In cases of missing follow-up data, patients with missing data were excluded.

Results {#Sec7}
=======

Clinical and laboratory findings of the patients in four time points {#Sec8}
--------------------------------------------------------------------

A total of 29 patients (males 21, females 8) with confirmed COVID-19 were retrospectively enrolled in this study, with an average age of 44 ± 14 years (range, 14--73 years old). The clinical classifications were as follows: ordinary for 22 patients, severe for 6 patients, and critical for 1 patient. More demographic data are listed in Table [1](#Tab1){ref-type="table"}. The baseline chest CT was obtained 3 (1--5) days after disease onset. Based on the quartiles of the duration from the baseline CT scan to the follow-up CT, the patients were assigned to four groups: 29 patients were assigned to baseline, 29 to 1--6 days, 27 to 7--13 days, and 28 to ≥ 14 days. The clinical and laboratory findings of the patients at the four time points are listed in Table [2](#Tab2){ref-type="table"}. The most common symptoms of initial illness onset included fever (25/29) and cough (24/29). Many of the patients exhibited progressive shortness of breath on days 1--6 (11/29), and the percentage of patients with fever, cough, shortness of breath, and myalgia obviously decreased at 7--13 days (*p* \< 0.05). The lymphocyte count, C-reactive protein, interleukin-6, and oxygenation index worsened within 1--6 days and improved sharply at 7--13 days (*p* \< 0.05). A few laboratory data were missed, as follows: white blood cell count, lymphocyte count, and C-reactive protein of 4 patients at baseline. Interleukin-6 at the four time points were 6, 2, 3, and 2 patients, respectively; the oxygenation index was 6, 1, 0, and 5, respectively. The reasons for these missing laboratory data were not examined. Outpatients did not receive standardized laboratory tests at the beginning of illness, and some tests were unnecessary in the convalescent stage.Table 1Clinical characteristics of the patients (*n* = 29)All patientsAge (year)44 ± 14 (14--73)Gender  Male21  Female8Exposure to COVID-19  History of sojourn in Wuhan21  Family clustering6  Unknown reason2Clinical classification^&^  Moderate22  Severe6  Critical1Clinical outcomes  Remained in hospital12  Discharged17  Died0Days from illness onset to remained in hospital22 ± 4 (17--29)Days from illness onset to discharged20 ± 5 (12--29)Days from illness onset to baseline CT scan3 (1--5)Quantitative data were presented as mean ± standard deviation (minimum-maximum) or median (Q~25~--Q~75~), while counting data were presented as count. ^&^According to the Diagnosis and Treatment of Novel Coronavirus Pneumonia (trial version sixth) of China \[[@CR8]\]Table 2Clinical symptoms and laboratory characteristics of patients at four time points, compared using the chi-squared test or Fisher's exact testTimeBaseline1--6 days7--13 days≥ 14 days*p* valueNumber of patients29292728Clinical symptoms  Fever252453\< 0.001  Sore throat52330.668  Cough2424117\< 0.001  Dyspnea42100.169  Shortness of breath011730.001  Chest pain or oppression in chest32320.921  Fatigue9210\< 0.001  Myalgia14000.035  Digestive symptoms57220.191  Asymptomatic10913\< 0.001Laboratory characteristics  White blood cell count (normal range 3.5--9.5 × 10^9^/L)4.8 (3.7, 6.0)5.4 (4.4, 6.5)6.4 (5.6, 7.1)6.4 (4.6, 7.9)0.066  Lymphocyte count (normal range 1.1--3.2 × 10^9^/L)1.0 (0.9, 1.4)0.9 (0.7, 1.3)1.4 (1.1, 1.6)1.4 (1.2, 1.6)0.001  C-reactive protein (normal range 0--10 mg/L)9.9 (4.9, 30.2)14.6 (4.3, 32.9)6.1 (1.0, 17.8)5.7 (2.5, 15.4)0.004  Interleukin-6 (normal range 0--7 pg/ml)5.4 (1.3, 20.3)7.8 (1.0, 19.1)1.9 (1.0, 8.2)1.5 (1.0, 2.0)0.013  Oxygenation index (mmHg)387.7 (323.9, 485.9)312.1 (230.3, 408.3)389.7 (279.3, 452.4)417.2 (342.4, 514.3)0.008Quantitative data were presented as median (Q~25~--Q~75~), using Kruskal-Wallis *H* test. Categorical data are presented as count, using chi-square test or Fisher's exact test to calculate *p* values as appropriate. *P* \< 0.05 was regarded as significantly different between four groups

Time course of CT imaging findings {#Sec9}
----------------------------------

Twenty-nine patients had a total of 113 chest CT scans, and each patient had an average of 4 ± 1 (3--5) CT scans with a mean interval of 5 ± 3 (1--14) days. The most common features on chest CT were GGO at baseline and mixed GGO and consolidation within 1--6 days and 7--13 days, and the less common feature was consolidation (Fig. [2](#Fig2){ref-type="fig"}) (Fig. [3](#Fig3){ref-type="fig"}). Most lesions were found in subpleural or peribronchovascular locations. The changes in other imaging features are demonstrated in Fig. [4](#Fig4){ref-type="fig"}.Fig. 2Changes in the number of involved pulmonary segments with GGO, mixed GGO and consolidation, and consolidation at four time points. GGO represents ground-glass opacity. \* Represents comparison between two groups (*p* \< 0.05), compared by the Fischer's least significant difference testFig. 3Chest CT features of COVID-19 pneumonia. **a** GGO. **b** Mixed ground-glass opacity and consolidation (red box). **c** Large patchy of consolidation in the bilateral lower lobesFig. 4Changes of imaging features at four time points

Table [3](#Tab3){ref-type="table"} summarizes the CT characteristics at the four time points. The LMR and PII showed typical time courses with increase from 1 to 6 days and subsequent decreases to lower than baseline levels for LMR and slightly higher than baseline values for PII after 14 days (*p* \< 0.05) (Fig. [5](#Fig5){ref-type="fig"}). With an extension of the follow-up time points, the incidence of parenchymal bands and architectural distortion gradually increased (*p* \< 0.05).Table 3Comparison of CT characteristics of COVID-19 patients at four time points, using the chi-square test or Fisher's exact testTimebaseline1--6 days7--13 days≥ 14 days*p* valueNumber of patients29292728Lesion-to-muscle density ratio (LMR)− 6.9 (− 12.0, − 4.9)− 2.2 (− 4.5, − 0.53)− 4.9 (− 7.8, − 2.2)− 10.7 (− 12.1, − 7.8)\< 0.001Number of involved lobes3 (1, 5)5 (2, 5)4 (2, 5)4 (2, 5)0.149Pulmonary inflammation index (PII)17.5 (5.0, 30.0)35.0 (11.3, 51.3)32.5 (20.0, 50.0)19.0 (10.6, 37.8)0.012Without lesions2100\< 0.001Increase in lesions02484Concurrent increase and decrease0432Decrease in lesions001622Interlobular septa thickening101216140.274Parenchymal bands4132121\< 0.001Air bronchogram61411110.164Pleural thickening768120.272Pleural effusion01000.404Architectural distortion041519\< 0.001Quantitative data were presented as median (Q~25~--Q~75~), using Kruskal-Wallis *H* test. Categorical data are presented as count, using chi-square test or Fisher's exact test to calculate *p* values as appropriate. *P* \< 0.05 was regarded as significantly different between four groups. Increase in lesions, concurrent increase and decrease, or decrease in lesions referred to the changes in the number and/or size of the lesions compared with the previous CT scanFig. 5Typical changes on chest CT of COVID-19 pneumonia in a 47-year-old male with a 5-day history of fever. **a** Baseline CT scan demonstrated subpleural GGO in the bilateral upper lobes, a lesion-to-muscle ratio (LMR) = − 11.0, and pulmonary inflammation index (PII) = 37.5%. **b** On day 3 after the baseline scan, the lesions increased significantly in size, number, and density compared with those at baseline; the LMR = − 8.3, and PII = 65.0%. **c** On day 8, compared with that on day 3, the size of the lesion decreased, and the density increased, which was accompanied by the appearance of consolidation and thickening of the right oblique fissure; the LMR = − 7.6, and PII = 52.5%. **d** On day 12, the density of the lesions increased compared with that on day 8, and parenchymal bands formed in the left lobe; the LMR = − 10.0, and PII = 55.0%. **e**, **f** On day 17, compared with day 12, the size and number of the lesions decreased, but there were parenchymal bands and architectural distortion; the LMR = − 10.5, and PII = 38.0%. **g** On day 25, the lesions remained stable compared with those on day 17; the LMR = − 11.2, and PII = 38.0%

Discussion {#Sec10}
==========

The most important findings of our retrospective cohort study of 29 patients with COVID-19 were that the chest CT findings at follow-up reflect the clinical time course of COVID-19. GGO, mixed GGO, and consolidation were the major chest CT findings of COVID-19. Fibrosis changes could be seen during the remission stage.

Our results suggested that the most severe stage of illness was at 1--6 days. During this time point, the clinical symptoms worsened, the lymphocyte count decreased to the lowest level, and C-reactive protein increased to the highest level. A previous study revealed that lymphocytes and C-reactive protein could be used as important indexes in the evaluation of COVID-19 severity \[[@CR11]\]. LMR and PII were the highest at 1--6 days compared with those at the other three time points. The increase in LMR was the result of increased lesion density, which indicated that the lesion transitioned from GGO to consolidation. Previous studies suggested that consolidation was related to the severity of COVID-19 pneumonia, and the transition from GGO to consolidation was an indicator of disease progression \[[@CR11], [@CR12]\].

All patients were hospitalized and received regular treatments, including oxygen therapy in different ways according to the severity of hypoxemia, supportive treatment, antiviral treatment, traditional Chinese medical therapy, antibiotic therapy if a bacterial infection was present, and corticosteroid therapy if necessary. Although thorough treatment was administered, most patients still exhibited illness progression from 1 to 6 days. This may be caused by the large number of viral replications at this time point; the immune cells overactivate and release a large number of cytokines, resulting in a cytokine storm, which is described as an exuberant immune responses following infection and is associated with excessive levels of proinflammatory cytokines and widespread tissue damage \[[@CR13]\]. However, with regular treatment, it still takes time to build an immune response and produce antibodies to suppress virus replication. The time points used for grouping in our study did not include illness onset because the "baseline" examinations took place at different time points of the natural course of COVID-19 pneumonia in each patient, but the baseline CT scan was the time point for treatment initiation. Considering that the baseline chest CT was obtained 3 (1--5) days after the onset of symptoms in our cohort, we believe that the lung lesions might progress to a peak approximately 9 days after the onset of symptoms. However, a recent study from Wuhan, China, suggested that the peak time of COVID-19 pneumonia was approximately 2 weeks after illness onset \[[@CR12]\]. It is currently unclear if the difference in timing relates to normal variations in the time course of COVID-19, to differences in patient management, or to other unrevealed reasons. We speculate that the reasons for the timing difference are as follows. First, the patients in our cohort were transferred from Wuhan or had second or higher generation SARS-CoV-2 infections with lower virulence than the initial hosts of pathogens, as pathogens tend to reduce their virulence to maximize their between-host transmission \[[@CR14]\]. Second, the patients in our cohort received timely treatment.

At 7--13 days, the LMR decreased but remained higher than that at baseline, and the PII was slightly lower than that at 1--6 days. Compared with the changes in clinical and laboratory data, the improvements in imaging were less significant. We presume that a short plateau stage or a gradual decreasing trend for the lesions on chest CT may exist, and the improvements in imaging may occur slightly later than the changes in clinical and laboratory data. Therefore, imaging examinations may be unnecessary for patients when they show improvements clinically.

After 14 days of regular treatment, the pneumonia improved significantly on chest CT. Some patients had no remaining traces in their pulmonary tissue after lesion absorption. In most patients, there was parenchymal band formation and architectural distortion after lesion absorption. These features indicated the appearance of interstitial changes, suggesting the development of fibrosis that could be seen during the remission stage \[[@CR12], [@CR15]\].

There are some limitations in our study. First, the patients in our study were mainly considered ordinary or severe clinically, with only one critical case. However, some clinically critical patients may have different time courses from those seen in this study. Further studies with larger cohorts of more clinically critical patients are required. Second, the time from illness onset to the baseline CT scan was variable, and there were some patients with missing laboratory data, which are sources of bias and ambiguity in the assessment of the disease process. Despite these shortcomings, it appeared that the time course of the chest CT findings followed the time course of the serum markers of inflammation.

In conclusion, our findings indicate that the time course of CT imaging changes is consistent with the clinical time course of COVID-19. Our work described in detail the clinical and imaging changes of clinically ordinary and severe COVID-19 patients after 2 weeks and revealed that the lung lesions progressed within 1--6 days, followed by clinical improvement and resorption of the lesions after treatment. This work may help to provide evidence that CT imaging may be indicated when patients fail to improve within a week of treatment, but repeated chest CT may be unnecessary when patients show clinical improvements.
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